| INTRODUCTION
Monoclonal antibodies that target tumour necrosis factor (TNF) are highly effective therapies for inflammatory bowel diseases. 1, 2 Adalimumab is a recombinant, fully human, subcutaneously delivered immunoglobulin G1 monoclonal antibody with proven efficacy for the treatment of Crohn's disease (CD). [3] [4] [5] In several clinical trials, 40%-50% of patients with CD who responded to an anti-TNF agent lost the response within 6 months-12 months. Although the exact mechanism underlying antibody production is unknown, the development of antibodies to anti-TNF drugs and the associated low trough serum drug concentrations have been implicated as predisposing factors to anti-TNF treatment failure in IBD patients. mumab. 6 In this study, the proportion of patients who achieved remission with adalimumab monotherapy was similar to those who achieved remission with immunomodulatory combination therapy, while the combination of AZA and adalimumab was superior to adalimumab monotherapy in obtaining mucosal healing at week 26. Recently, a post hoc analysis of six randomised controlled trials demonstrated no efficacy benefits with immunomodulator/adalimumab combination therapy compared with adalimumab monotherapy in patients with CD. 7 However, whether adalimumab trough levels and anti-adalimumab antibodies (AAA) were relevant to disease outcome remained unclear.
The aim of this study is to evaluate the impact of adalimumab trough levels and AAA at week 26 on clinical activity at week 52 and to examine the effect of AZA on AAA in CD patients enrolled in the DIAMOND trial.
| MATERIALS AND METHODS

| Study design
Data in this analysis are from the preceding DIAMOND trial (UMIN registration No. 000005146). The methods in the DIAMOND study have been described in detail by Matsumoto et al 6 In brief, DIA-MOND was a multicentre, randomised, prospective, open-labelled study in patients with moderately to severely active CD (defined as a Crohn's disease activity index [CDAI] of 220-450). 8 Enrolled patients were assigned to receive either a combination of adalimumab and AZA (combination group) or monotherapy with adalimumab (monotherapy group). All patients received subcutaneous administrations of adalimumab at doses of 160 mg at week 0, 80 mg at week 2, and 40 mg at every other week thereafter up to 52 weeks. Patients in the combination group were initially treated with 25 mg or 50 mg/day of AZA and the dose could be increased to a maximum of 100 mg during the initial four weeks under careful observation. The clinical efficacy was evaluated at week 26 and 52.
Clinical remission was defined as a CDAI score of <150 points.
| Patients
Data from randomised patients (DIAMOND) who continued monotherapy or combination therapy at week 26 were analysed.
Therefore, we excluded patients discontinued either monotherapy or combination therapy by week 26 and in whom we could not obtained an adalimumab trough or 6-thioguanine nucleotide (TGN) level.
| Serum collection and analysis
Blood samples were collected from patients in the combination group at week 12, and processed to measure 6-TGN in red blood cells (RBCs). Whole-blood samples were collected in heparinised tubes and centrifuged. After the removal of plasma, RBCs were hydrolysed with acid and extracted with phenylmercuric acetate/ ethyl acetate. 6-TGN levels were measured via high-performance liquid chromatography. 9 We also collected serum samples from the patients in both groups at week 26 and measured the trough levels of adalimumab and antibodies to adalimumab (AAA). 10, 11 Blood samples obtained just before or one day prior to, the next scheduled adalimumab injection, were included in our study.
| Measurement of Adalimumab concentrations
Trough serum adalimumab concentrations were measured by enzymelinked immunosorbent assay (ELISA) based on the principle that adalimumab is captured via its ability to bind TNF-alpha. Adalimumab was quantified as described previously for infliximab measurement with one modification. 12 Adalimumab binding was assessed by incubation with biotinylated rabbit immunoglobulin directed to the adalimumab idiotype. Detection limit of the assay is approximately 0.001 mg/L.
| Measurement of AAA
A radio immunoassay (the Netherlands, Sanquin) was used to detect the presence of AAA. After dilution of 1 lL of serum in phosphatebuffered saline/0.3% bovine serum albumin (pro analysis buffer), overnight incubation followed with 1 mg Sepharose-immobilised protein A (GE Health Care, Giles, England) in a final volume of 800 lL. Receiver operating characteristic (ROC) analysis was performed to examine the discriminatory ability of 6 -TGN levels for development of AAA and to find optimised drug thresholds for predicting disease activity. A multiple linear and logistic regression analysis with backward elimination (excluded when P >.1) was performed to identify factors independently related to trough levels of adalimumab and AAA at week 26, respectively. Covariates included in the model were age, sex, body weight, disease duration, disease location, previous surgery, the presence of an internal fistula, the presence of an anal fistula, smoking status, elemental diet, medication, CDAI, CRP, SESCD and allocation (combination therapy or monotherapy). ANOVA with post hoc Tukey's comparison was used for the comparison of adalimumab trough level between body weight categories.
All statistics were performed using IBM SPSS Statistics 23 (IBM). A P value of <.05 was considered significant. All statistical tests were two-sided.
| Ethical consideration
This study was approved by the IRB of each hospital. All patients gave verbal and written informed consent for blood testing and clinical data collection.
3 | RESULTS
| Study population
Demographics and characteristics of patients in the DIAMOND trial have been reported previously. 6 Briefly, during the predetermined period of recruitment from 1 June 2011 until 31 June 2014, 176 patients were randomly assigned to either the combination group (91) or the monotherapy group (85). Only one patient was excluded from the study because of a diagnosis of intestinal tuberculosis after enrolment in the study.
In the combination group, 22 patients discontinued the study due to adverse events and seven patients due to other reasons (dose escalation of AZA after 4 weeks for two patients, consent withdrawal for three patients and loss to follow-up for two patients). In the monotherapy group, 19 patients discontinued the study owing to adverse events, and three patients discontinued the study for other reasons (CDAI not available for two patients and consent withdrawal for one patient). Finally, 62 patients in the combination group and 63 patients in the monotherapy group completed the study through week 52.
| The correlation between adalimumab trough level and AAA positivity at week 26 and clinical activity
One hundred and fifty-one serum samples were analysed from 176 patients enrolled in the study ( Figure 1 ). Adalimumab trough levels and AAA were measured in 75 patients from the combination group and in 76 patients from monotherapy group. The preceding DIA-MOND trial showed that AAA positivity rates in the combination group and the monotherapy group were 4% and 13.2%, respectively (P = .078). Furthermore, the adalimumab trough levels at week 26 in the combination group and the monotherapy group were 7.6 AE 3.6 lg/mL and 6.5 AE 3.9 lg/mL, respectively (P = .084). These data suggested that there were trends towards a higher adalimumab trough level and a lower positive rate of AAA in the combination group compared with the monotherapy group. In this study, we further analysed whether the adalimumab trough level and AAA positivity at week 26 could affect clinical outcome at week 52 in patients in the combination or monotherapy group who completed the study.
Among 151 patients whose adalimumab trough level and AAA were measured, 106 achieved CR at week 52 and 45 (17 patients completed study and 28 discontinued it) did not. Patients with CR at week 52 had significantly higher trough level of adalimumab (7.7 AE 3.3 lg/mL) at week 26 than those with active disease (5.4 AE 4.3 lg/mL: P <.001) (Figure 2A ).
We determined the closet point to the upper-left corner of the ROC curve as the optimal cut-off points for adalimumab trough level at week 26 to predict CR at week 52. A cut-off drug level of 5.0 lg/mL yielded sensitivity of 80.0%, specificity of 55.6%, positive predictive values of 81.0%, and negative predictive value of 54.3%
( Figure 2B ).
As for AAA positivity, 13 patients were positive for AAA and 138 were negative. Eight of the 13 patients positive for AAA did not achieve CR. The development of AAA at week 26 was significantly and positively associated with disease activity at week 52 (P = .021) (Table 1) . Moreover, patients with high titre of AAA showed low adalimumab trough level (Fig. S1 ). suggested that female and increasing body weight were independently associated with low trough level of adalimumab ( Table 2 model 1). After including AAA detection, AAA was strongly associated with adalimumab trough levels and coefficients in the association of trough level with female sex or combination therapy became weakened because the effects of these factors could be expressed via AAA (model 2). Supporting the above interpretation, the multivariable logistic regression analysis revealed that female sex was associated with the occurrence of AAA (Table 3) .
We investigated more in detail whether body weight categories had a differential effect on adalimumab trough levels (Fig. S2 , Table. S1). We found that patients with higher body had a trend towards a lower trough level and there was a significant difference of mean trough level between patients with weight of less than 40 kg and those with more than 70 kg was observed. In addition, the significant association between body mass index (BMI) and trough level of adalimumab was observed as well (Table. S2 ). Therefore, the concept of therapeutic drug monitoring (TDM) and the importance of individualised pharmacokinetics have been recognised in the management of IBD patients receiving biological therapy. 13, 14 Several clinical trials suggested that early trough levels were predictive for short-and medium-term clinical efficacy in IBD patients treated with biologics. In adalimumab-treated patients with moderately to severely active CD, the serum adalimumab trough level was higher in patients who achieved clinical remission than those who did not. 15 Mazor et al reported that the adalimumab trough level at, before, or 1 day prior to, the next scheduled injection was related to disease remission with an optimal cut-off of 5.85 lg/mL. 16 A recent report by Ward et al showed that a drug level of ≥4.9 lg/mL during the first 9 days predicts a therapeutic trough drug level with reasonable confidence. 17 Roblin et al reported that the adalimumab trough level of ≥4.9 lg/mL was a predictor of clinical remission following adalimumab therapy optimisation. 18 Retrospective data from Karmiris cohort showed that trough levels of adalimumab at week 4 <5.0 lg/mL significantly increased the future risk of AAA formation despite different time point of measuring trough level. 19 In the present study, higher trough levels of adalimumab at week 26 resulted in favourable outcome in CD patients.
Additionally, we identified a trough drug level of 5.0 lg/mL as an optimal cut-off for predicting disease activity at week 52, which is in similar fashion to previous reports. Taken together, monitoring the adalimumab trough level at optimal points noticeably contributes to the prediction of the disease course and supports decision-making for further treatment. However, it should be acknowledged that the cut-off level might vary depending on the measurement time.
Among the factors we assessed, sex and low body weight were independently associated with high adalimumab trough levels, while the other factors were not. In addition, the multivariate logistic regression analysis revealed that female sex was associated with the occurrence of AAA. The reason why sex affected the adalimumab trough level and the occurrence of AAA remains unclear. Recent report suggested that higher body fat content at baseline was independently associated with a worse response to treatment with anti-TNF inhibitors because adipose gain could conceivably play a role in the disparate serum drug levels. 20 Also, females differ with respect to distribution of adipose tissues as follows: males tend to accrue more visceral fat, whereas females accrue more fats in the subcutaneous deposit. 21 Thus, fat deposition might influence the lower to IFX in CD. 23 Patients with CD who require an adalimumab dose escalation had a higher BMI than patients who did not require a dose escalation. 24 In the CLASSIC-II post hoc analysis, patients with a BMI >29 kg/m 2 were less often in clinical remission compared to patients with a lower BMI. 25 Additionally, a recent report by Bond et al demonstrated that BMI did not differentially influence trough levels of adalimumab and IFX, but the investigators showed a trend towards a lower trough level in adalimumab-treated patients with a BMI >30 kg/m 2 . 26 Thus, BMI seems to influence the response to adalimumab. However, the effect of body weight on adalimumab trough level is controversial. Baert et al found a poor correlation between body weight and adalimumab concentration, 27 while Ward et al described that weight was inversely related to drug levels. 28 In this study, we found that body weight and BMI affected adalimumab trough level and analysis of a multiple linear regression model suggested that body weight might have a little stronger influence on adalimumab trough value than BMI. Although the involvement of body weight and BMI in the therapeutic effect of biologics is still unclear, data suggest that patients with body weight and BMI over a certain limit will require a dose escalation of adalimumab.
Another important issue in TDM is to check AAA during adalimumab treatment because several abstracts and reports have suggested that AAA levels are inversely associated with adalimumab levels and positively associated with disease activity. 16, 29, 30 In the present study, we showed that the development of AAA at week 26 was positively associated with disease activity at week 52 and that higher 6-TGN suppressed AAA. Also, we found that 8.6% (13/151) of serum samples were positive for AAA and patients with higher titre of AAA showed low adalimumab trough level. Until now, the immunogenicity of adalimumab was considered to be rare in the pivotal efficacy trials in CD. However, the incidence of AAA, which was higher than expected, varied from 2.6% to 44% of patients depending on the techniques applied for the detection of AAA. 31, 32 In consistent with previous reports, our data suggest the significance of monitoring AAA during adalimumab treatment, however, the timing of AAA measurement might be optimised on the basis of demographic factors such as sex and body weight. Taken together, we should keep in mind that AAA occurs in a certain proportion of Japanese CD patients who are naive to biologics and monitor AAA in CD patients with an LOR to adalimumab under the concept of personalised medicine.
The published DIAMOND trial demonstrated that the clinical efficacy of a combination of adalimumab and azathioprine at week 26 did not differ from that of adalimumab monotherapy in patients with CD naive to both medications. 6 A meta-analysis of previous published data by Kopylov et al concluded that a combination of adalimumab and AZA was not superior to monotherapy with adalimumab in terms of the maintenance of remission at 1 year. 33 A cross-sectional study using trough sera from adalimumab-treated CD patients demonstrated that concomitant immunosuppression did not T A B L E 2 A multiple linear regression model to assess the association between adalimumab trough value and associated potential factors antibodies to infliximab. 37 Ward et al also described no correlation between 6-TGN concentrations and anti-TNF inhibitor levels. 28 In this study, we found that CD patients who were negative for AAA at week 26 had a higher 6-TGN level at week 12 than those positive for it and revealed a cut-off 6-TGN level of >222.5 pmol/8 9 10 
